Introduction
Cadmium is used in cadmium plating, to protect metals (especially ferrous metals) from corrosion. Also, alloys of Cd with copper and silver are used in telephone and trolleybus cables and in producing special artification bearings. Most compounds of Cd, such as CdS, CdBr2, CdCl2, are used in paint, glass, rubber, paper, textile, photography, lithography and pyrotechnics industries as pigments. 1 The extraction and manufacture of lead and zinc ores, containing Cd can give rise to pollution of the environment with cadmium. 2 The presence of Cd in soil can inhibit the growth of several plants. The ingestion of Cd from contaminated foodstuffs can give rise to several diseases. In the disease named itai-itai, Cd present in rice, used as a staple, was found to play an etiological role. The presence of Cd 2+ seems to induce the synthesis of proteins in the liver and kidneys. Cadmium and its compounds show high oral toxicity, even though the emetic and irritant action is so violent that only a little Cd is absorbed and fatal poisoning is rather uncommon. 3 Several Cd compounds are carcinogenic for connective tissue, lungs and liver, and is perhaps teratogenic. 3 Thus, due to its increasing use on one hand, and the toxicity of Cd compounds to the environment on the other hand, the separation, concentration, and determination of cadmium is of special interest.
Among various separation methods (ion exchange, solvent extraction, selective chemical precipitation, etc.) one interesting approach is based on the recognition, binding and release of specific solutes carried out by facilitated transport membranes, i.e. an organic liquid in contact with two separated aqueous phases working under a chemical gradient as the driving force. This technique has been widely used for carrier metal ion separations, [4] [5] [6] [7] and to a lesser degree for the separation of organic compounds. 8, 9 Despite the biological and industrial importance of cadmium ion, information about its transport across liquid membranes, compared with other transition-metal ions, is sparse. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Derivatives of crown ethers, aza-crown ethers and macrocyclic compounds have been used as suitable ion carriers in most of the reported transports for Cd ions. 10, 11, 13, 14, 19 However, the uses of various compounds, such as di(2-ethylhexyl)-dithiophosphonic acid, 15 bis(2-ethylhecyl)H-phosphate (D2EHPA), 12 tri-n-ethylamine SPAN 80-xylene, 16 SDS, 17  tetradentate oxoiminate Schiff base,  18 P215-TOPO-SPAN 80,   20 triisooctylamine (TIOA), 21 tri-octylamine (TOA), 22 and Lasalocid (X537A), 23 have also been evaluated for the transport of cadmium ions through a bulk, supported or emulsion liquid membranes. Since the use of the mentioned carriers in commercial routes may seem to be prohibitive and expensive due to the complexity of their syntheses, in recent years, introducing simple complexants for the selective transport of cadmium ions is of increasing interest.
We have recently studied the reaction between various drugs and metal cations in order to develop new separation and determination methods for cations or drugs. [24] [25] [26] Based on the obtained results, we used thioridazine·HCl as a suitable carrier for the uphill transport of Pd(II), 24 and as an efficient modifier in the selective separation of palladium in solid-phase extraction techniques. 25, 26 In the present work we describe the behavior transport of Cd(II) as CdI4 2-in a HCl medium through a chloroform bulk liquid membrane containing ketoconazole (KC) (an antifungal drug) as an ion-exchanger carrier. Therefore, the efficiency of ketoconazole on the transport of cadmium was studied and compared with some other quarternary ammounium salts, such as tetrabutylammonium perchlorate (TBAP), tetraethylammonium perchlorate (TEAP), tetraphenylarsenium bromide (TPAsBr) and cetyltrimethylammonium bromide (CTAB) as carriers in the membrane phase.
Experimental

Reagents
Pure ketoconazole (KC) was obtained from Behvazan 
Apparatus
A bulk-type liquid-membrane cell was used in this study. 27 This is a cylindrical glass cell (inside diameter 4.0 cm) holding a glass tube (inside diameter 2.0 cm), thus separating the two aqueous phases. The pH measurements were made with a Metrohm 692 pH/ion meter using a combined glass electrode. The atomic absorption spectrophotometer used to measure the metal ion concentration in the aqueous phases was a Shimadzu AA-670 instrument. The atomic-absorption measurements were made under the recommended conditions for each metal.
Procedure
All transport experiments were carried out at ambient temperature, using a liquid-membrane system consisting a source phase (5 ml of 1 × 10 -5 M Cd(II), 5 × 10 -2 M KI and 1 × 10 -2 M HCl), a membrane phase (20 ml of 1 × 10 -3 M KC and 3 × 10 -2 M OA) and a receiving phase (10 ml of NaOH, pH 8 or phosphate buffer 0.1 M, pH 8). The organic layer with a thickness of 1.6 cm was slowly stirred by a Teflon-coated magnetic bar (1.5 cm × 5 mm diameter). Determinations of the metal ion concentration in both aqueous phases were carried out by atomic absorption spectrometry.
A similar transport experiment was carried out in the absence of a reference carrier. Detailed conditions are included in the tables and graphs of the text.
Results and Discussion
One of the interesting possibilities for the transport of a given metal ion involves its incorporation into a complex anion in the source phase. In such a case, due to its low hydration energy, the resulting complex will accompany a positively charged ion across the organic membrane. Cd 2+ can be transported into a stripping solution in the form of CdI4 2-. The stability of this anion complex (log β4 5.35) 28 caused its high extraction efficiency into the organic solvent in the form of a lipophilic ion-pair with a suitable ion-exchanger.
In the present work we were interested to use ketoconazole (KC) as a lipophilic ion exchanger for the facilitated transport of Cd 2+ as its CdI4 2-anion complex in acidic media. KC is practically insoluble in aqueous solutions (pH 7 -10). 29 We found that the exact value of the pKa of KC, as determined pHmetrically, is 6.95 ± 0.4. 30 Thus, at an acidic pH, this compound is mainly in its protonated form (KCH + ), and is freely soluble in aqueous solutions. In preliminary experiments, it was found that KC alone was not an effective carrier for the complete transport of Cd 2+ through the bulk liquid membrane (i.e. the percentage of transport was 73%). This problem in using of KC as a carrier in the membrane was probably related to its substantial bleeding from the membrane phase into the aqueous phases. However, as has been noted in the literature, 24, 31, 32 the addition of long-chain fatty acids, such as oleic acid, not only significantly reduce the degree of carrier loss but also could have a cooperative effect on the uphill transport of Cd 2+ ions through the liquid membrane. In order to propose a possible transport process, we initially evaluated the effect of KI, KBr, KCl and KSCN in the acidic source phase on the transport of cadmium. With a suitable acid concentration of the feed solution, an increase in the concentration of KI increased the extraction of Cd . If KI was replaced by KBr, KSCN or KCl, in turn, the transport efficiency of cadmium ions diminished to very low values (about 10%). This behavior is probably more related to the stability of the CdI4 2-anion complex compared to other anionic complexes of cadmium. 28 As expected, the extraction of cadmium as CdI4 2-proceeded via ion-pair formation with the protonated form of ketoconazole, KCH + , as an anion-exchanger. Therefore, in following experiments, the effect of the nature of acid used in the source phase was studied. The obtained results showed no considerable change in the transport efficiency of cadmium using HCl, HNO3 and H2SO4. These results illustrated that CdI4 2-in the source phase was probably extracted with the adsorbed KCH + near the water/chloroform interface into the membrane phase without the anion distribution of used acids. In order to further support of this idea, the conductivity of the chloroform phase was determined during the time of transport for a blank solution containing KI and acid (without Cd). No considerable changes in the conductivity of chloroform layer using 0.01 M HCl, HNO3 and H2SO4 in the source phases once more confirmed that cadmium ions as bulky CdI4 2-could be directly extract into the membrane phases with the adsorbed KCH + and without the anion distribution. It is noteworthy that a 10% decrease in the transport efficiency of cadmium in the presence of 0.01 M HClO4 was probably related to competition between ClO4 -and CdI4 2- , so that ClO4 -as a large anion associated with KCH + more easily as a KCH + ClO4 -ion pair, and repressed the transport of cadmium. Moreover, a considerable increase in the conductivity of the membrane phase using 0.01 M HClO4 in the source phase (without CdI4 2-) verified nearly all observations. Among the acids tested, we used HCl as a suitable proton donor in further experiments.
The liquid membrane operated here is shown schematically in Fig. 1 . Since CdI4 2-complex anion is less hydrated than Cl -and other anions present in the source, it initially forms a (KCH)2CdI4 ion pair at the source phase-membrane interface. The thus formed ion pair distributes preferentially into the chloroform membrane. Then, at the membrane-receiving phase interface NaOH neutralizes the H + of the ion pair and releases CdI4 2-into the receiving phase. At this stage, the neutral carrier KC diffuses back across the membrane to the source phasemembrane interface, where the cycle starts again. The net result is the transport of Cd 2+ and H + ions from the aqueous source phase to the aqueous receiving phase across the bulk of the organic phase (the membrane). Actually, the transport process of cadmium in the presence of HCl and KI in the source phase through the liquid membrane is illustrated by the following 
NaOH in the stripping solution reacts with (KCH)2CdI4 to strip cadmium into the stripping phase solution.
(KCH)2CdI4(MP) + NaOH(RP) / KC(MP) + Na2CdI4(RP) + 2H2O(RP)
The membrane system was optimized with respect to the relative concentrations of KC/OA by keeping the amount of one of the constituents constant and varying the concentration of the other. The results are given in Fig. 2 . As can be seen, while KC and OA alone can transport about 73% and 0% of Cd 2+ after 90 min, respectively, a given mixture of them (i.e. about 1 × 10 -3 M KC and 5 × 10 -2 M OA) is much more effective in the efficient transport of cadmium. A possible reason for this cooperative behavior could be the existence of some proton donor-proton acceptor interactions between the fatty acid (as donor) and the nitrogen atoms of the KC (as acceptor). 32 Another possibility is that the OA forms an inverse micelle, 33, 34 inside of which the carrier molecules may be trapped. The KC may then be easily transported across the membrane inside the inverse micelle. It should be noted that the uphill cooperative transport of CdI4 2-with KC can also occur in the presence of other fatty acids, such as palmitic acid and stearic acids, but to a somewhat lower extent. Figure 3 shows the effect of the KI and HCl concentration on cadmium transport. As can be seen, in the absence of KI, cadmium is not transported and the efficiency of transport increases by increasing the KI concentration in the source phase. The maximum transport occurs at a KI concentration of ≥ 5 × 10 -2 M. Also, the maximum cadmium transport occurs at about 0.01 M HCl in the source phase. At lower and higher concentrations than 0.01 M HCl, the transport efficiency is diminished. An acid concentration of 0.01 M was found to be the best for Cd 2+ transport. The H + concentration in the source solution was measured, and it was found that along with the transport of cadmium into the stripping phase the H + concentration in the source solution decreased. This observation proved the co-transport of H + ion into the stripping phase.
The NaOH in the stripping solution functioned as a backextractant. When the compositions of the membrane and source phases were fixed, in the presence of a few drop of 0.025 M NaOH in the receiving phase, Cd was completely transported. The optimum pH of the receiving phase adjusted by NaOH was found to be about 8 (Table 1) . By increasing the NaOH concentration in the receiving phase, the transport of cadmium decreased. This was most probably because the CdI4 2-anion can precipitat out as Cd(OH)2, at higher concentrations of NaOH (a white precipitate was observed in the receiving phase). It is noteworthy that in the absence of NaOH in the receiving phase, the transport of Cd was achieved considerably at some higher period of time. The maximum transport in this condition was about 75% (see Table 1 ). The presence of other stripping agents, such as S2O3 2- , EDTA, and phosphate buffer (pH 8), in the receiving phase had no considerable effect on the transport efficiency. This result once more confirmed that the extraction of Cd from the membrane phase into receiving phase depends only on the pH of the receiving phase, and a back-extraction process occurred during the time of transport (90 min).
The results of Table 2 indicate the effect of other carriers on the transport of Cd(II) under some of the conditions used for KC. As can be seen, tetrabutylammonium perchlorate (TBAP), tetraethylammonium perchlorate (TEAP), tetraphenylarsenium 503 ANALYTICAL SCIENCES MAY 2005, VOL. 21 bromide (TPAsBr) and cetyltrimethylammonium bromide (CTAB) were used as ion-pairing agents with CdI4 2-in the membrane phase. In all cases, cadmium ion was easily extracted from the source phase into the membrane, but about 70% of it was released into the receiving phase. This result shows that the tendency of ion-pair formation between CdI4 2-and the ammonium salts used, was strong, so that all of the cadmium ions were extracted to the organic phase, but the decomposition reaction rate of the ion-pair formed at the interface of the receiving phase and the membrane phase was relatively slow. It was found that using TEAP as an ion exchanger in the membrane phase resulted in a promising transport of cadmium, even for much longer periods of time. This was most probably due to the substantial bleeding of TEAP from the chloroform phase into the aqueous phase. As can be seen from Table 2 , among the different ion exchangers used, KC exhibited the highest efficiency for the transport of cadmium as CdI4 2-. This was mainly related to the relatively weaker ion-pair formation between [KCH] + and CdI4 2- , which was easily extracted into the organic phase and decomposed at the interface of the membrane and the receiving phase. Figure 4 shows the time dependence of cadmium transport through the liquid membrane designed under the optimum experimental conditions. It is obvious that the extraction of cadmium from the source phase into the membrane phase was very fast, so that 95% transport of cadmium to the membrane phase occurred at about 30 min, while the migration of CdI4 2-from the membrane phase to the receiving phase was achieved at a slow rate. Thus, about 93% of the total cadmium was transported from the source phase to the receiving phase within 90 min. The reproducibility of cadmium transport was investigated and the percent of metal ions transported after 90 min from ten replicate measurements was found to be 93.5 ± 0.8%.
The selectivity of the membrane system for the transport of Cd(II) ion over several transition and heavy metal ions, in equimolar mixtures, is illustrated in Table 3 . As can be seen, with the exception of Zn 2+ , all of the cations tested showed no measurable interfering effect on the uphill transport of cadmium ion. Under the optimal conditions, the percent of zinc transported into the receiving phase was about 12%. Also, the interfering effect of alkali and alkaline earth cations was checked.
The obtained results showed no measurable interfering effect, even when excess amounts of M n+ /Cd 2+ ≥ 1000 were employed.
Conclusions
The transport of cadmium through a chloroform-KC-OA bulk liquid membrane was studied. The mechanism of transport was considered. The optimum conditions of transport were found in the feed solution (1 × 10 -2 M HCl + 5 × 10 -2 M KI ) and in the liquid membrane (5 × 10 -2 M OA + 1 × 10 -3 M KC) and NaOH (pH 8) in the stripping solution. The simplicity, excellent efficiency and good selectivity for Cd 2+ ion transport shown by the membrane system demonstrated its potential applicability to the selective separation, concentration and purification of cadmium from a mixture. Fig. 4 Time dependence of cadmium transport. The conditions are similar to those given in Table 2 . Table 3 
